Ocean acidification (OA), caused by anthropogenic CO 2 emissions, has been proposed as one of the greatest threats in marine ecosystems. A growing body of evidence shows that ocean acidification can impact development, survival, growth and physiology of marine calcifiers. In this study, the immune responses of the Pacific oyster Crassostrea gigas were investigated after elevated pCO 2 exposure for 28 days. The results demonstrated that OA caused an increase of apoptosis and reactive oxygen species (ROS) production in hemocytes. Moreover, elevated pCO 2 had an inhibitory effect on some antioxidant enzyme activities and decreased the GSH level in digestive gland. However, the mRNA expression pattern of several immune related genes varied depending on the exposure time and tissues. After exposure to pCO 2 at~2000 ppm for 28 days, the mRNA expressions of almost all tested genes were significantly suppressed in gills and stimulated in hemocytes. Above all, our study demonstrated that elevated pCO 2 have a significant impact on the immune systems of the Pacific oyster, which may constitute as a potential threat to increased susceptibility of bivalves to diseases.
Introduction
Rising atmospheric CO 2 has become one of the most critical environmental problems with the development of industries. About 30% of the atmospheric carbon dioxide has diffused into the ocean through the direct chemical exchange [1] . The absorption of CO 2 by the seawater results in a net increase in protons (H þ ) and a reduction in pH, which finally leads to ocean acidification (OA). Presently, the atmospheric global average level of CO 2 has reached 400 ppm, and is predicted to increase to 500e1000 ppm by the end of this century [2, 3] . It is estimated that the pH of oceanic surface waters will decrease by 0.14e0.35 pH units by the year 2100 [2, 4] . OA may have profound and diverse consequences for marine biodiversity and ecosystem functioning [5, 6] , and poses a serious threat to marine organisms, especially calcifying organisms such as coral, sea urchin and mollusk [7] . Over the past 10 years, accumulating evidence suggests that OA could result in delayed embryonic development [8, 9] , decreased larval growth [10, 11] and increased mortality [12] of many marine mollusks. Moreover, OA stress has also been found to affect many physiological processes, such as calcification [13] , energy metabolism [14] and behavior [15, 16] of calcifying organisms. However, there is a lack of studies on the effects of OA on other vital processes of marine organisms such as immune and stress responses [17] . To date, only few studies have investigated the impacts of OA stress on immune systems in bivalve, echinoderm and crustacean [18e21] , which have highlighted the potential negative effect of reduced seawater pH on the host defense responses of marine invertebrates.
The Pacific oyster Crassostrea gigas (Thunberg, 1793) is one of the most important fishery and aquaculture species, which is widely used as animal model for studying the adaptive mechanism to coastal environment changes [22] . Previous studies have found that OA stress impaired the energy metabolic pathways in oysters, and also retarded the normal growth and development [23, 24] . However, the impact of OA on the immune responses of oysters has received little attention so far. In order to understand how the oyster modulates its immune capacity to cope with OA stress, the immune and defensive responses of oyster C. gigas from the Yellow Sea (China) were investigated after short-term exposure (4 weeks) to CO 2 -acidified seawater, hopefully shedding light on the understanding of the potential implications of OA for invertebrate immunological function.
Materials and methods

Animals and experimental design
Adult Pacific oysters, C. gigas, with a shell length of 5e7 cm, were purchased from a local shellfish farm, and acclimated for 2 weeks at 17 C and 31‰ salinity. During the acclimation period, the oysters were fed three times daily with a commercial algal blend containing the Chlorella vulgaris Beij and Phaeodactylum tricornutum at a concentration of 1 Â 10 4 cells ml
À1
. After the acclimation period, oysters were cultured in seawater continuously bubbled with the ambient air or aireCO 2 mixture. Three CO 2 levels were used that were representative of the presentday condition and atmospheric CO 2 concentrations predicted for the years 2100 (~pCO 2 1000 matm) and 2250 (~pCO 2 2000 matm). A total of 180 oysters were randomly divided into nine assigned tanks (30L) with three replicates per treatment. For elevated pCO 2 treatments, the target pCO 2 levels were achieved through air and CO 2 gas flow adjustment system (Qingdao AKB Instrument & Equipment Co. Ltd). For the control group, the ambient air was bubbled into experimental containers. Seawater was changed every other day using pre-bubbled seawater which had been equilibrated previously following the methodology described above.
pH was measured daily with a pH electrode (pH meter PB-10, Sartorius Instruments, Germany) calibrated with National Institute of Standards and Technology standard pH solutions (NIST, USA). Other water parameters (temperature, salinity, total dissolved inorganic carbon) were determined every other day. Total alkalinity (TA) were measured weekly with the method of Haraldsson et al. [25] . Seawater carbonate chemistry parameters (Table 1) were estimated according to the known values of pH and TA levels using the software CO2SYS [26] . For CO2SYS settings, seawater pH constants used the NIST scale from Millero et al. [27] , and the KSO 4 À constant was set from Dickson et al. [28] and refitted by Lewis and Wallace [26] . The information of the relevant water chemistry parameters is summarized in Table 1 . After exposure of 7, 14 and 28 days, hemolymph of 6 individuals in each treatment was withdrawn using a 2 ml syringe equipped with a 22G needle from the pericardial cavity. 1.5 ml of hemolymph was collected from each individual and filtered through an 80 mm mesh to eliminate debris. After that, the hemolymph samples were maintained on ice to prevent spontaneous aggregation, and then subjected to the measurement of phagocytic activity and reactive oxygen species (ROS) production. Meanwhile, additional 0.5 ml of hemolymph was withdrawn and centrifuged to collect hemocytes which were used for RNA extraction. In addition, oysters of both control and OA-treated groups were immediately dissected for gills and hepatopancreas, respectively. All the tissues were flash frozen in liquid nitrogen, and stored at À80 C prior to RNA extraction and antioxidant enzymes assay.
Phagocytic capacities
Phagocytosis was measured by ingestion of fluorescent beads through an in vitro assay. Briefly, 500 mL of hemolymph were incubated with 50 ml of a 1/10 dilution of fluorescent latex beads (2.0 mm in diameter, Polysciences Inc.) for 1 h in the dark at ambient temperature. Then the hemocytes were analyzed on the FL1 detector of the flow cytometry (FACSCalibur, BD Biosciences), and phagocytic activity was estimated by the percentage of hemocytes that had ingested three or more beads.
Reactive oxygen species (ROS) production
The non-induced reactive oxygen species (ROS) production was measured using 2 0 7 0 -dichlorofluorescein diacetate (DCFH-DA; Molecular Probes, Invitrogen). Oxidation of non-fluorescent DCFH-DA to fluorescent product DCFH was used to quantify the production of reactive oxygen species (ROS) by hemocytes.5 mL of DCFH-DA working solution was added to 500 ml of the hemolymph to yield a final concentration of 10 mM. The mixtures were then incubated in the dark at ambient temperature for 15 min prior to flow cytometry analysis.
Apoptosis detection
The apoptosis of hemocytes was detected using the Annexin VeFITC Apoptosis Detection Kit (BioVision, USA) according to the manufacturer's recommendations. Briefly, the hemocytes were washed twice with PBS and re-suspended using 1Â Annexin V Binding Buffer at 2e3 Â 10 6 cells/mL. Then, 5 ml of Annexin VeFITC and 10 ml of Propidium Iodide (PI) Buffer were added to each tube with 100 ml of hemocyte suspension. Next, 400 ml 1Â Annexin-V Binding Buffer was added to each tube. Finally, the hemocytes were incubated at room temperature for 15 min in the dark and then analyzed by flow cytometry for fluorescence in the FL-1 (Annexin V) and FL-2 (PI) channels [29] .
Quantitative real-time PCR analysis
Total RNA from the tissues of hemocytes, gills and hepatopancreas was extracted using Trizol reagent following the manufacturer's instructions (Invitrogen), respectively. The first-strand cDNA was synthesized according to M-MLV RT Usage information (Promega) using oligo (dT)-adaptor as primer and the DNase Itreated total RNA as template. Expression of selected immune responsive genes was measured in an Applied Biosystems 7500 Real-Time PCR System. Gene-specific primers for heat shock protein 70 (Hsp70, AAD31042.1), heat shock protein 90 (Hsp90, ABS18268.1), extracellular CueZn superoxide dismutase (SOD, EKC39002.1), glutathione peroxidase (GPx, selenium-dependent Table 1 Measured and calculated seawater chemistry parameters during the experimental exposures. The pH was monitored daily with a pH electrode calibrated with NBS Standard pH solutions, and total alkalinity (TA) was determined weekly. pCO 2 , total dissolved inorganic carbon (DIC) and U calcite were calculated using CO2SYS software.
Parameters
Control Elevated pCO 2 exposurẽ 1000 ppm~2000 ppm Table 2 . 18S rRNA (AB064942) was used as internal control to verify the successful transcription and to calibrate the cDNA template. The real-time quantitative PCR amplifications were carried out in triplicate in a total volume of 50 ml containing 25 ml of 2Â SYBR Premix Ex Taq™(TaKaRa), 1.0 ml of 50Â ROX Reference DYE, 16.0 ml DEPC-treated H 2 O, 1.0 ml of each primer, 6.0 ml of 1:20 diluted cDNA. All real-time PCR assays were run using the following program: 50 C for 2 min and 95 C for 10 min, followed by 40 cycles of 94 C for 15 s, 58 C for 45 s, 72 C for 30 s. Dissociation curve analysis of amplicons was performed at the end of each PCR to confirm that only one PCR product was amplified and detected. After the PCR program, data were analyzed with the ABI 7500 SDS software. To maintain consistency, the baseline was set automatically by the software. The comparative C T method (2 ÀDDCT method) was used to analyze the expression level of the immune responsive genes [30] .
Antioxidant enzymes activities and lipid peroxidation
The tissues of gills and hepatopancreas (~50 mg) were homogenized (1:10 w: v) in an ice-cold lysis buffer (50 mM TriseHCl, pH 7.5), respectively. The homogenate was centrifuged at 10,000Â g for 30 min, and the resultant supernatant was subjected to the measurement of antioxidant enzymes activities.
The antioxidant enzymes, including superoxide dismutase (SOD, EC 1.15.1.1), glutathione S-transferases (GST, EC 2.5.1.18), catalase (CAT, EC 1.11.1.6), and glutathione peroxidase (GPx, EC 1.11.1.9) were assayed using commercial activity-based kits (Jiancheng, Nanjing, China). Lipid peroxidation was quantified by measuring the thiobarbituric acid reactive substances (TBARS) produced during lipid peroxidation, and expressed in terms of malondialdehyde (MDA) content. The total protein concentration in the supernatant was measured using the BCA assay kit (Pierce, Rockford, IL, USA) to normalize the data of enzyme activities. The antioxidant enzymes activities and MDA content were expressed as U mg À1 protein and nmol mg À1 protein, respectively. Total glutathione (GSH) content was determined using the DTNB-GSSG Reductase Recycling Assay [31] . Sample concentration was determined by comparison with the predetermined glutathione standard curve, and expressed as mg/g protein.
Statistical analysis
All experimental data were analyzed as mean ± standard deviation with at least four replicates. One-way analysis of variance (one-way ANOVA) was performed on all data using SPSS 16.0 statistical software, and Duncan test was used for posthoc test and the significance level was set as p < 0.05. 
Results
Effects of OA on phagocytosis, respiratory burst and apoptosis of hemocytes
After exposure to elevated pCO 2 , no significant change in the phagocytic activity of hemocytes was observed between all treatments. Similarly, there was no significant impact on respiratory burst and apoptosis of hemocytes after the oysters exposed to elevated pCO 2 for 7 days and 14 days. However, higher level pCO 2 exposure (~2000 ppm) stimulated respiratory burst and apoptosis in hemocytes significantly on Day 28 (p < 0.05) (Fig. 1). 
Effects of OA on mRNA expression of immune-related genes in digestive gland, gills and hemocytes
In oyster digestive gland, the mRNA expression of Def ( Fig. 2A) , BPI (Fig. 2B) and Hsp90 (Fig. 2G) did not change significantly after exposed to elevated pCO 2 for 7 days. However, statistically significant increases in SOD (Fig. 2D) and GPx (Fig. 2E ) mRNA levels have been observed, and mRNA expressions of Prp (Fig. 2C) and Hsp70 (Fig. 2F) were significantly inhibited under pCO 2 exposure on Day 7. On Day 14, elevated pCO 2 exposure led to a statistically significant increase in mRNA levels of all examined genes with the exception of Def, the mRNA expression of which was significantly suppressed (p < 0.05). On Day 28, elevated pCO 2 levels had no effect on Prp (Fig. 2C) and GPx (Fig. 2E) mRNA levels, stimulated mRNA expression of Def ( Fig. 2A), BPI (Fig. 2B) and Hsp70 (Fig. 2F) , and led to a decrease in mRNA transcript levels of Prp (Fig. 2C) and Hsp90 (Fig. 2G) .
In oyster gills, elevated pCO 2 had no effect on the expression of BPI (Fig. 3B) and GPx (Fig. 3E ) mRNA on Day 7. However, the transcripts of SOD (Fig. 3D), Hsp70 (Fig. 3F) , and Hsp90 (Fig. 3G) were up-regulated, and Def (Fig. 3A) and Prp (Fig. 3C) transcripts were down-regulated after exposed to elevated pCO 2 for 7 days. On Day 14, elevated pCO 2 exposure led to a significant increase in the expression of BPI (Fig. 3B), Prp (Fig. 3C), SOD (Fig. 3D) and Hsp90 (Fig. 3G) transcripts, whereas Def (Fig. 3A) , GPx (Fig. 3E) and Hsp70 (Fig. 3F ) mRNA levels did not change after exposure to pCO 2 . The mRNA expressions of all these genes with the exception of Hsp90 ( Fig. 3G) were significantly suppressed by exposure to pCO 2 at 2000 ppm on Day 28 (p < 0.05).
In hemocytes, the mRNA expression of all the genes involved in immune response and apoptosis did not change significantly after exposed to elevated pCO 2 for 7 and 14 days with the exception of Prp (Fig. 4C) . However, the mRNA expressions of all these genes with the exception of Gpx (Fig. 4E) were significantly stimulated by exposure to pCO 2 at~2000 ppm on Day 28 (p < 0.05).
Effects of OA on antioxidant enzyme activities, MDA and GSH level in digestive gland and gills
In the digestive gland, the activities of CAT (Fig. 5A) , GPx (Fig. 5C ) and GST (Fig. 5D ) decreased, whereas no significant change in the activities of SOD (Fig. 5B), GSH (Fig. 5E ) and MDA level (Fig. 5F ) was observed did after exposure to elevated pCO 2 for 7 days. On Day 14, elevated pCO 2 showed no significant effect on these enzymatic activities and the level of MDA. However, GSH content (Fig. 5E) was significantly decreased at the high pCO 2 exposed group (p < 0.05).
On Day 28, both CAT (Fig. 5A) and SOD (Fig. 5B) activities were significantly suppressed in response to elevated pCO 2 , and GSH level (Fig. 5E ) also decreased significantly (p < 0.05). Collectively, elevated pCO 2 had an inhibitory effect on the antioxidant enzyme activities and decreased the GSH level in digestive gland.
In oyster gills, there was no significant effect on these enzymatic activities and the levels of GSH and MDA on Day 7 and Day 14 post elevated pCO 2 exposure. On day 28, the CAT activities declined significantly after pCO 2 exposure (Fig. 6A) , while the MDA content (Fig. 6F ) increased significantly (p < 0.05).
Discussion
A growing body of evidence has shown that OA poses a threat to ecologically and economically important mollusks. For example, OA was found to impact survival, development, physiology and growth of many marine mollusks [32] . Furthermore, OA exposure can also disturb the energy metabolism and regulation which might affect immune function in bivalves [14, 18] . Recently, it has been found that OA stress has the potential to promote pathogen development and survival, disease transmission and host susceptibility [33] . However, only few studies have investigated the immune responses of mollusks under OA stress so far [18, 19, 34] .
Previous studies have demonstrated that phagocytic activity of hemocytes was affected by elevated pCO 2 in several invertebrates. For example, inhibition of phagocytosis was observed in the mussel Mytilus edulis after exposure to elevated pCO 2 for 32 days [18] . The phagocytic capacity of hemocytes was inhibited by 60% after a 4-month exposure to elevated pCO 2 (hypercapnic seawater with a pH lowered by 0.4 units) in the crustacean Nephrops norvegicus [21] . Similarly, following long-term exposure for six months, the phagocytic capacity of coelomocytes reduced in Asterias rubens [20] . However, phagocytic function was not affected in M. edulis after a six month exposure to elevated pCO 2 [33] . In the present study, elevated pCO 2 did not have a significant effect on phagocytosis of hemocytes, indicating the phagocytic capacity was not impaired at present exposure level for 28 days. However, ROS production was significantly increased after~2000 ppm pCO 2 exposure for 28 days, which suggested elevated pCO 2 might cause oxidative stress in hemocytes. Similar result was also found in M. edulis, evidenced by an increase in oxidative burst after OA exposure [33] . In addition, apoptosis is also important for the functioning of the molluscan immune system [35] . However, little work has been performed on the impact of elevated pCO 2 on apoptosis in bivalves. In the present study, a significant increase of hemocytes apoptosis rate was observed in oysters under high level of pCO 2 exposure for 28 days. This phenomenon was primarily attributed to the failure of the antioxidant defense system induced by OA stress, which increased formation of intracellular ROS and then perhaps induced apoptosis [36] . In this study, the mRNA expression of the apoptosis genes (caspase 1 and caspase 3) in hemocytes were also found to be up-regulated under elevated pCO 2 exposure for 28 days (Supplementary Fig. 1 ), which is similar in the coral Acropora millepora [37] . Nevertheless, OA exposure did not affect the apoptosis of hematopoietic tissue cell in the crustacean N. norvegicus [21] . Above all, OA had an impact on immune response of the Pacific oyster, which might be attributed to less energy spent on immune response [18] .
After elevated pCO 2 exposure, the transcription profiles of several genes involved in immune and defensive function showed different expression patterns in digestive gland. The expression of SOD and GPx transcripts increased significantly on Day 7 and Day 14, indicating that OA perhaps induced oxidative stress in digestive gland firstly. However, as time progressed on, the expression of SOD transcript was inhibited on Day 28 perhaps due to the aggravation of oxidative stress. Similarly, the expression of GSTs (microsomal GST-2, GST-12) and glutathione peroxidase (GPx1) transcripts was also decreased in the sea urchin larvae under high pCO 2 (~1020 ppm) exposure [38] . In the present study, the transcripts of Def and Prp were down-regulated on Day 14 and Day 7, whereas they were up-regulated on Day 28 and Day 14 respectively. These results indicated that the mRNA expression pattern of these antimicrobial peptides in digestive gland varied depending on the exposure time. The mRNA expression profiles of molecular chaperones Hsp70 and Hsp90 also showed varied pattern, which might be ascribed to their multiple physiological functions involved in protein folding, and help to protect cells from stress [39] . In gills, OA induced the mRNA expression of BPI, Prp and Hsp90 on Day 14, suggesting OA might stimulate the immune function firstly. However, the transcripts Def, BPI, Prp, SOD, GPx and Hsp70 were significantly down-regulated on Day 28 , showing that OA inhibits the mRNA expression of immunity effectors and antioxidant enzymes in gills. In the coral A. millepora, a c-type lectin involved in innate immunity was down-regulated under elevated pCO 2 (1010e1350 ppm) conditions [37] . In hemocytes of the Pacific oyster, the mRNA expressions of almost all tested genes were significantly stimulated after elevated pCO 2 exposure (~2000 ppm) for 28 days. These results indicated OA might cause oxidative stress on hemocytes to some extent. In the oyster Crassostrea virginica, mRNA expression of Hsp70 was suppressed in hemocytes after elevated pCO 2 exposure (~2000 ppm) for four weeks [34] . In sea urchin larvae, elevated pCO 2 exposure (~1020 ppm) also resulted in down-regulation of genes involved in cellular stress response, such as Hsps (Hsp20, Hsp40 and Hsp70) and antioxidant enzymes [38] .
The antioxidant defense system of living organisms can generally be categorized into enzymatic antioxidants, such as SOD, CAT, and GPx, and non-enzymatic antioxidants, such as GSH, vitamin E, ascorbate and urate [40] . The role of these antioxidant systems can be of great importance in response to environmental stress in aquatic animals [41] . Previous studies have demonstrated that OA exposure could generally cause oxidative stress in bivalve, sea urchin and coral [37, 38, 42, 43] . In this study, the activities of antioxidant enzymes and GSH and MDA levels in gills did not change significantly on Day 7 and Day 14, suggesting this oyster could maintain its redox homeostasis in gills under elevated pCO 2 exposure levels. However, CAT activity were significantly inhibited in gills after~2000 ppm pCO 2 exposure for 28 days, which indicated the endogenous antioxidant defense mechanisms were overwhelmed by produced ROS [44] . In digestive gland, the activities of these antioxidant enzymes and GSH level generally deceased significantly when exposed in periods with different exposure level, indicating the occurrence of serious oxidative stress in this tissue. However, the effects of OA on the physiological response of mollusks are variable among species and even within the same species [32] . In C. virginica, SOD expression was up-regulated in the mantle tissue of oysters under elevated pCO 2 condition (pH7.5) [42] . In the clam Chamelea gallina and the mussel Mytilus galloprovincialis, OA stress also generally caused increases in antioxidant enzyme activities after exposure for 7 days [43] . In other marine invertebrate, the mRNA expression of oxidoreductase (CAT, FAD linked oxidase and selenoprotein) was also up-regulated in high pCO 2 treated coral at day 28 [37] . However, in the copepod Centropages tenuiremis exposed to elevated pCO 2 , significant decreases in SOD activity and GSH content were observed on day 1 [45] .
Overall, the present study has demonstrated that elevated pCO 2 has a significant impact on the immune systems of oyster, and may constitute a potential threat to increased susceptibility of bivalves to diseases. Long-term studies are required to assess possible adaptation of the immune system during continuous acidification stress. Furthermore, the synergistic effects of OA with other environmental factors, such as temperature and hypoxia also need further investigation.
